A novel method for the collection and preparation of sidestream cigarette smoke condensate is described for trace elemental analysis by inductively coupled plasma mass spectrometry and graphite furnace atomic absorption spectrometry. The smoke collection method utilizes a specially designed chimney that collects and directs the sidestream smoke (SS) to a 2-stage trapping system consisting of an impaction trap followed by a 0.8 mm mixed cellulose ester filter. The samples are digested with nitric acid in a commercial heating block before analysis. The method limits of detection (LODs) are 1, 0.2, 2, 9, 6, and 7 ng/cigt for As, Cd, Pb, Ni, Se, and Cr, respectively. The SS collected from an industry reference cigarette, 1R4F, produced by the University of Kentucky was analyzed. The concentrations of As, Cd, and Pb in 1R4F were determined to be 27.3 ± 2.1, 412 ± 14, and 43.8 ± 2.0 ng/cigt, respectively, while the concentrations of Ni, Cr, and Se are below the method LOD. Consequently, this novel method successfully addresses contamination, instrumentation, and collection issues for performing trace elemental analysis of sidestream cigarette smoke condensate.
C igarette smoke is a complex aerosol with particles ranging in size from 0.2-1.3 µm. The size of the particles is greatly determined by the age of the smoke, as smoke particles tend to condense and grow with age. Smoke also tends to be a very dense and viscous aerosol with as many as 1.33 × 10 10 particles/cm 3 (1) . For these reasons, as well as the fact that smoke has a high moisture content, sample collection can be difficult. Furthermore, with low-level determinations of certain chemical classes, such as inorganic species, control of contamination often requires special consideration.
There has been extensive work published in the areas of collection and analysis of mainstream smoke (MS; the smoke inhaled by the smoker) for elemental analysis (2) (3) (4) (5) , but very little on the analysis of second-hand, or sidestream, smoke (SS). For this reason, it is a logical starting point to use an MS collection method as a model for SS collection.
Common methods used for the collection of MS can be broken into 4 major categories (1, 2): Cambridge pads (1), cold traps (5, 6) , electrostatic precipitation (EP; 2-5), and impaction traps (7, 8) . The latter 2 techniques, EP and impaction traps, are commonly used for environmental sampling of airborne particulates (9) . Cambridge pads are an industry standard for particulate phase smoke collection; however, they are not suitable for trace metal analysis due to the high background level of many inorganic constituents found in the glass filter (2, 5) . Likewise, cold traps are also of limited use for several reasons. Specifically, cold traps are prone to blockage and often need to be combined with some other trapping method due to their poor and variable efficiency (1) . Also, samples collected by cold traps are not homogeneous and it is difficult to acquire accurate sample weights on a per cigarette basis (5) .
Consequently, EP has become the method of choice for MS collection for elemental analysis (2) (3) (4) . This is because EP units are extremely efficient at collecting the particulate phase smoke and, if properly constructed from inert materials that do not contribute significant contamination, they can provide extremely low blank readings (2) . Although EP units are ideally suited for MS collection, early work performed by the authors suggested that electrostatic precipitation is a poor choice for SS collection due to low collection efficiency. This disparity in collection efficiency between MS and SS has to do with the high flow rates (on the order of 2.5 L/min) needed to sweep the SS to the collection device. For EP units to work properly, the particles need to become sufficiently charged for efficient precipitation (9) . MS, on the other hand, has a given residence time inside the EP unit due to the time interval between puffs and the internal volume of the EP tube (2) . This residence time allows for the particles to become sufficiently charged so they are efficiently attracted to the wall of the EP tube.
In the late 1960s, Mathewson published 2 articles on the use of impaction traps for MS collection but, since that time, there has apparently been little work performed with this tech-nique for the collection of cigarette smoke (7, 8) . Impaction traps work primarily by accelerating particles in an air stream through a small orifice and then directing that air stream onto a surface where the particles may collect. The major factors that affect the collection efficiency of an impaction trap are a particle's mass, velocity, size, and adhesion properties (9) . Typically, the velocity of the particle is determined by the diameter of the jet tip and the volume flow rate of the gas. Assuming a constant airflow rate and sample type, another major factor affecting collection efficiency is the distance of the jet tip from the impaction surface.
As stated above, there have apparently been no additional papers published since Mathewson's work (7, 8) on the use of simple impaction traps for the purpose of collecting cigarette smoke for chemical analysis. A primary reason for the lack of interest in impaction traps for the collection of MS is that the pressure drop, caused by the restriction of the small orifice in the jet tip, causes poor puff profiles when using mechanical smoking machines. A second issue is that impaction traps work best at a constant, optimized flow velocity but smoking regimes often specify a sinusoidal puff profile. Therefore, air velocity and, thus, collection efficiency, changes over the duration of the puff. Although these may be inherent limitations for MS collection, they are inconsequential for SS collection because the airflow rate is held constant. Therefore, the design of the impaction trap can be optimized for a particular set of sidestream smoking parameters.
This project involves the use of an impaction trap followed by a 37 mm, 0.8 µm pore size, mixed cellulose ester (MCE) filter to collect the particulate phase sidestream cigarette smoke condensate (CSC) for elemental analysis. A flow rate of 2.5 L/min is used to pull the smoke through the collection chimney and the traps (Figure 1 ). The samples are analyzed by inductively coupled plasma mass spectrometry (ICP-MS) and graphite furnace atomic absorption spectrometry (GF-AAS) after acid digestion in a commercial heating block. (e) Other apparatus.-Digestion block; graduated, disposable 50 mL polypropylene digestion vessels; and polypropylene watch glasses (Cat. Nos. SC100, SC499, and SC505, Environmental Express). 
Experimental

Apparatus
Reagents
Laboratory Environment
(a) Sample preparation laboratory.-All sample preparation took place in a metal-free, Class 1000 clean room. The clean room was equipped with Class 100 clean hoods and benches.
(b) Sample collection laboratory.-Smoking took place in an environmentally controlled laboratory, as per ISO 3402 specifications (22°± 2°C and 60 ± 5% relative humidity).
Smoke Collection
(1) Sidestream CSC was collected from the industry reference cigarette, 1R4F, produced by the University of Kentucky. Standard Federal Trade Commission (FTC) smoking conditions (10) were not used because this method was developed in support of regulatory testing requirements, which use modified smoking parameters. These modified parameters consist of a 45 ± 0.5 mL puff volume with 2 ± 0.1 s puff duration once every 30 ± 1 s with 50% filter hole ventilation blockage. Five cigarettes per sample were smoked beneath a quartz, fishtail chimney, which was used to direct the smoke toward an impaction trap and MCE filter for collection of the particulate phase CSC. The smoke was swept up the chimney at a rate of 2.5 L/min. The chimney and 2.5 L/min airflow rate were sized proportionally to insure that the mainstream smoke delivery was not altered by the presence of the chimney. (2) Before sample collection, all labware is thoroughly cleaned by first using a mild solution of phosphate-free detergent. After rinsing, the labware is soaked in a 20% nitric acid bath for a minimum of 24 h. Finally, the labware is thoroughly rinsed with deionized water and is left to dry under a Class 100 clean bench in the clean room.
(3) The cigarettes are conditioned in the smoking laboratory for 48 h before sample collection. As mentioned above, modified smoking parameters are used.
(4) Before assembling the impaction trap (Figure 3 ), the flask is preweighed. A 0.89 mm thick (6 mm diameter) plastic shim is used as a gauge to reproducibly set the gap between the jet tip and the bottom of the flask.
(5) The chimney and traps are installed in the custom-designed adjustable smoking apparatus (Figure 4) prior to sample collection. In an effort to further reduce contamination, the smoking apparatus is constructed from polycarbonate. The smoking apparatus provides a means of securely holding the chimney so as not to damage the cigarette while allowing for precise adjustments as specified in many smoking protocols. The gap between the bottom of the chimney and support table is adjusted to 3 mm using a polycarbonate shim before each run in order to ensure consistent airflow around the cigarette. A 12 cm length of PVC tubing (6.35 mm id) is used to connect the chimney to the impaction trap and a 5 cm piece of PVC tubing connects the impaction trap to the MCE filter cassette. Lastly, the vacuum line, which is set to a flow of 2.5 L/min, is attached to the other side of the MCE filter cassette. Finally, a cigarette is inserted into the mouthpiece and a total of 5 cigarettes is smoked for each sample.
Sample Preparation
With the setup described, the majority of the sidestream CSC will collect in 3 places: the chimney, the impaction flask, and the MCE filter. In an effort to determine the elemental distribution between these 3 collection sites for a single smoke run, 3 independent fractions (chimney CSC, impaction flask CSC, and the MCE filter CSC) were prepared from one smoke run. To limit contamination, all samples were prepared in a Class 100 clean hood located in a Class 1000 clean room and all reagents used were of the highest obtainable purity.
The samples were prepared in a temperature-programmable digestion block in the Class 100 clean hood instead of in the more typical closed vessel microwave digestion system. A digestion block was used for this work for several reasons. First, the digestion block has 36 sample digestion wells. This, coupled with the fact that the digestion vessels are disposable, greatly increases sample throughput compared with a typical closed vessel microwave digestion system. Second, the temperature-programmable digestion block provides an extremely convenient and clean (i.e., minimal sample contamination) method for quickly evaporating the methanol from the sample before acid digestion without the need for an additional transfer step.
One of the greatest benefits provided by the use of the digestion block was that lower blank levels were realized for Cr and Ni for blanks prepared in the digestion block compared with the closed vessel microwave system. These results were surprising in that every precaution had been taken to thoroughly clean the PTFE microwave digestion vessels before use. The cleaning regime included soaking the vessels in a 20% nitric acid bath for a minimum of 48 h, followed by a high pressure heating cycle in which the vessels contained 10 mL concentrated, triple-distilled nitric acid. After the vessels cooled, the acid was discarded and the vessels were rinsed with Type 1 water and then used immediately. Even after the extensive cleaning described above, lower Cr and Ni blanks were realized using the digestion block. Laboratory reagents and conditions are not believed to be at fault because acid blanks prepared in polypropylene labware did not return measurable readings for Cr and Ni.
The chimney sample was prepared by first rinsing the CSC from the inner surface of the chimney into a disposable digestion vessel using small aliquots of methanol from a wash bottle. Similarly, the CSC from the impaction flask was quantitatively transferred to a second digestion vessel using small aliquots of methanol from a wash bottle. Approximately 25 mL methanol was used for each type of sample. One milliliter of 50% nitric acid was added to each sample vial that contained the CSC and methanol. Next, the samples were placed in the digestion block, located in the clean hood, to evaporate the methanol. The samples were reduced to a final volume of ca 2 mL at 78°C.
Following the evaporation of the solvent, the samples were digested. It was necessary to digest the samples in a 3-step process in order to keep the reaction from becoming too vigorous. The first step involved the addition of 5 mL 50% nitric acid to each sample, which were then heated at 75°C for 1 h. A disposable, polypropylene watch glass was placed on each vessel to limit evaporation. Next, the temperature was increased to 95°C for 30 min.
The second step involved the addition of 2.5 mL concentrated nitric acid to each chimney and impaction trap sample. At this stage, the MCE filter was removed from the filter cassette and placed in a disposable digestion vessel (the support pad was discarded). A 5 mL aliquot of concentrated nitric acid was added to each filter sample. Next, the 3 sample types were heated at 95°C for 30 min or until the reactions subsided. The samples were then removed from the digestion block to cool completely.
The third stage involved the addition of 3 mL 30% hydrogen peroxide to each sample. The samples were heated at 85°C until the reactions subsided (ca 15 min). Finally, the samples were heated at 95°C for 1 h. After the samples cooled completely, they were made up to 50 mL with reagent water in the same graduated digestion vessels. The final acid concentration was ca 10%. After digestion, the filter samples appeared clear while the chimney and impaction trap samples were a clear, pale yellow color. None of the samples had any visible precipitate. Method blanks were collected by simulating sample collection, except that cigarettes were not smoked. Air was pulled through the trapping system, at a rate of 2.5 L/min, for the same amount of time that it would take to smoke 5 reference cigarettes. The method blanks were treated the same as the samples and were carried through the entire sample preparation procedure. 
Sample Analysis
Samples were analyzed by ICP-MS for As, Cd, Ni, and Pb using indium as an internal standard. The sample and internal standard were pumped separately into the instrument using a multichannel peristaltic pump. The 2 sample streams were mixed prior to the nebulizer, using a plastic tee. Typical instrument conditions are listed in Table 1 . Due to polyatomic spectral interferences, Cr and Se were analyzed by GF-AAS. Instrumental operating conditions are listed in Table 2 .
All calibration standards were prepared by diluting commercial stock standards. Calibration accuracy was verified by analyzing a multi-element quality control standard. All standards were made with triple-distilled acid and reagent water.
Calculations
The amount of element per cigarette is calculated with the following equation:
Results and Discussion
As mentioned above, sidestream CSC was collected from the industry reference cigarette, 1R4F, using modified smoking parameters and an impaction trap as the primary trapping device. The impaction trap was optimized for smoke collection using a flow rate of 2.5 L/min. The 0.610 mm diameter jet tip on the impaction trap was found to be the best compromise between collection efficiency and flow restriction. If the diameter of the jet tip was increased, collection efficiency would decrease; if the jet tip diameter decreased, it was not possible to get the desired flow of 2.5 L/min through the trap due to the flow restriction of the jet orifice.
The trapping efficiency of the system for the collection of the particulate phase CSC was evaluated by placing a preweighed Cambridge pad behind the MCE filter. By measuring the weight gain of the Cambridge pad after smoke collection, it was determined that the trapping system is greater than 99.5% efficient at collecting the particulate phase SS. However, the trapping efficiency of the impaction trap, without the backup MCE, was only 93%. Therefore, if only the impaction trap was used, it was expected that only 93% of the total SS metal content would be retained by the impaction trap. Results from the elemental analysis of the digested samples are listed in Table 3 . The MCE filter samples were not analyzed for Cr due to high levels of Cr in the filter matrix.
In order to determine if the sample collection and preparation methods were appropriate, each SS sample was prepared and analyzed as 3 fractions, as described above. By determining the elemental distribution between the chimney, impaction trap, and MCE filter, the necessity of the filter and the chimney wash could be evaluated. For example, if an insignificant amount of the total metal content was found in the chimney wash, then that step could be omitted, which would greatly simplify sample preparation.
The results listed in Table 3 are surprising because it was expected that each element would be present in the same per- centage in the impaction trap, filter, and chimney, and that was not the case. For example, an insignificant amount of Cd was found in the chimney washes, suggesting that that step is not necessary. But, more than 25% of the As was collected in the chimney. Similarly, it was expected that only 5-10% of the total metal content would be collected by the MCE filter, but 25% of the Cd was collected at that site. A possible cause for the elemental distribution between the chimney, impaction trap, and MCE filter could be the microscopic ash particles preferentially collecting on certain surfaces, such as the chimney. For example, high concentrations of As in the ash could account for the fact that a disproportionately high percentage of that element was determined in the chimney wash. Consequently, the data clearly show that the trapping system and sample preparation steps for the analysis of particulate phase SS must be determined on a per element basis. In addition to SS, MS was collected on a Cambridge pad in order to monitor the smoking conditions and ensure that the chimney was not altering the burning characteristics of the cigarette. This was done as a check because there is an elemental distribution between MS, SS, the ash, and butt, where cigarette construction and smoking conditions largely determine the distribution (11) . This assumes that if the smoking conditions are altered to increase MS, there will be a corresponding elemental decrease in SS, ash, and/or butt. The amount of mainstream CSC collected compared favorably with the typical MS CSC delivery when SS was not collected, suggesting that the presence of the chimney did not inadvertently bias the analytical results for sidestream smoke.
The overall method limit of detection (LOD) was determined by calculating the sum of the deviations from the individual fractions of each SS sample. The LOD for the individual fractions was calculated by taking 3 times the standard deviation of 9 method blanks (3 method blanks were collected on one day while the other 6 were collected on another day). Because each smoke sample was prepared as separate fractions, the blank level of each fraction may differ. The blank levels for Cr and, to a lesser extent Pb, and Ni, were greater in the MCE filter samples than in the impaction trap/chimney sample due to higher background levels of those elements in the filter matrix. Therefore, the overall method LOD for those elements was largely determined by the MCE filter fraction. The LOD is also determined by the inherent sensitivity of the instrumental techniques, which explains the higher LOD for the 2 elements determined by GF-AAS.
Because the MCE filter was the limiting source of contamination for Ni, Pb, and Cr, an attempt was made to improve the LOD for these elements by evaluating other filters as options for replacing the MCE filter, but no suitable alternative was found. Contributing factors to this problem are: (1) smoke proves to be an extremely difficult sample to collect due to its physical characteristics and the extremely low metal content; and (2) smoke has a high moisture content and the collected sample is very viscous. Consequently, every other filter that was evaluated would prematurely clog prior to the completion of sample collection. Furthermore, it was determined that the filter type and filter material are more important than the pore size in determining whether or not the filter would prematurely clog. Due to extremely high loading capacities, fiber mat filters (such as glass or quartz fiber filters) are superior to membrane filters. Unfortunately, fiber mat filters made from materials that will not significantly contribute to the background contamination are not presently available.
Ideally, for routine analyses, all 3 fractions from a smoke collection run would be combined and prepared as a single sample but, as mentioned above, the MCE filters were not analyzed for Cr due to a high background level (approximately 10 µg/L in the prepared samples). Therefore, from a practical standpoint, it is necessary to analyze 2 fractions for every smoke sample collected if Cr is of interest (i.e., an MCE filter sample and an impaction flask/chimney sample). If the MCE filter was added to the impaction flask/chimney fraction, the method LOD for Cr would be elevated for the entire method. However, because Cr is below the LOD in the chimney and impaction flask samples, it is not necessary to analyze the MCE filter for Cr.
Additional SS samples were collected and prepared, but this time the samples were prepared as 2 fractions instead of 3, as described previously. The CSC from the chimney and impaction trap were combined into a single sample while the MCE filter was kept separate. As expected, the total amount of each analyte determined was the same whether the sample was prepared as 2 or 3 fractions.
In order to test for matrix effects, laboratory-fortified matrixes (LFM) were prepared and analyzed. The spike recoveries shown in Table 4 are an average of 3 sample spikes. All the recoveries in the LFMs were determined to be ± 10% except for Cd in the impaction trap, which had an average recovery of 84%. This was likely due to minor instrumental matrix effects. The overall results from the spike recoveries show that the matrix does not contribute significant bias to the analytical results, suggesting that the sample digestion and instrument conditions were suitable for the elements being determined.
Conclusions
The proposed method is an appropriate means for the collection and analysis of particulate phase sidestream smoke, as evidenced above. Specifically, the combination of the impaction trap followed by the MCE filter provides a means of collecting greater than 99.5% of the particulate phase SS. However, the primary limitation of this method is the background level of Cr in the MCE filter. The level of Cr necessitates that the samples be prepared and analyzed as 2 fractions instead of as one. It should also be noted that even though the trapping system is extremely efficient for the collection of particulate phase SS, it is possible that certain elements may be present in a volatile form that may pass through the trapping system unimpeded. The data also show that the efficiency of the sample collection and preparation methods must be evaluated on a per element basis due to the uneven elemental distribution between the chimney and the traps. In addition, extremely low detection limits were realized by using ultra-pure reagents, a clean environment for sample preparation area, and powerful analytical techniques such as ICP-MS and GF-AAS. Consequently, this novel method successfully addresses contamination, instrumentation, and collection issues for performing ultra-trace elemental analysis of sidestream cigarette smoke condensate.
